The authors presented problems related to utilization of exhaust gases of the gas turbine unit for production of electricity in an Organic Rankine Cycle (ORC) power plant. The study shows that the thermal coupling of ORC cycle with a gas turbine unit improves the efficiency of the system. The undertaken analysis concerned four the so called "dry" organic fluids: benzene, cyclohexane, decane and toluene. The paper also presents the way how to improve thermal efficiency of Clausius-Rankine cycle in ORC power plant. This method depends on applying heat regeneration in ORC cycle, which involves pre-heating the organic fluid via vapour leaving the ORC turbine. As calculations showed this solution allows to considerably raise the thermal efficiency of Clausius-Rankine cycle.
Introduction
Unlimited access to energy is one of the factors determining civilization development. The time of the last decades was not only a period of great technological progress but also of great increase in energy consumption. The increased exploitation of the natural environment as well as diminishing recourses of conventional fuels have become a reason for increased interest in alternative and renewable energy sources. Apart from these, one of the more important directions in the energy sector development is to seek solutions that improve the efficiency of power generation in plants based on conventional energy carriers. The prospect of using up all these carriers enforces their rational and efficient utilization. The increase in efficiency of this usage can be achieved through improving the efficiency of installations which transform the energy of fossil fuels into electricity. Another way to increase this efficiency is to use waste heat from various kinds of technological processes. In the paper have been analyzed the Organic Rankine Cycle (ORC) power plant system, with organic fluid as a working fluid, that uses waste heat of gases leaving the turbine unit, as the main heat source. Using this type of system is possible because of relatively high exhaust gas temperature, which, depending on the gas turbine unit characteristics, is exceeding 700 K [1] . Preliminary calculations as well as earlier studies [2] have shown that application of thermal coupling between a gas turbine unit and the ORC plant increases the power and efficiency of the system. The method analyzed in the paper mainly concerns the ORC power plant system, which uses regenerative heating of the organic working fluid by the heat from the outlet vapour of the ORC turbine. As it was shown, heat recovery in ORC cycle allows for more efficient usage of the exhaust gases' from gas turbine.
Scheme description
The relatively high temperature of the exhaust gases leaving the gas turbine allows for further use of the aforementioned gases for energy generation purposes. This particular case shows the thermal coupling of gas turbine unit with an ORC plant. The gas turbine used in the analysis is available in one of the leading manufacturers' commercial offer [3] . Electrical power of the analyzed gas turbine is 5.25 MW, with efficiency reaching 30.5%. The turbine is powered by natural gas. According to the data directory the exhaust gases leaving the gas turbine have temperature of over 500 • C, with the mass flow rate at 20.8 kg/s.
In the discussed system, the authors applied preheating of the condensate in the ORC power cycle by vapour of the organic fluid leaving the vapour turbine. The method of thermal ORC system coupling with a gas turbine unit is shown in the diagrams presented in Figs. 1 and 2 . The difference between these diagrams results from a different approach in determining the quantity of regenerative heat in the heat exchanger W2. In the first variant it was assumed that the entire flow of the organic fluid leaving the condenser is heated in the W2 heat exchanger, while in the second variant only a part of this flow is heated. The difference is explained in a great detail in the section on the methodology of calculations.
In the ORC system under analysis it was assumed that the so called dry fluid is used as the working fluid. The parameters of the considered fluids are presented in the next section of the paper. Furthermore, it was assumed that only subcritical ORC cycles will be considered as is shown in T-s diagram in Fig. 3 . It means that the maximum pressure of organic fluid is lower than its critical pressure p cr . As it is clearly shown in the figure above and in the carried out calculations the vapour leaving the ORC turbine is superheated and has relatively high temperature reaching 600 K. Therefore, there are realistic prospects of using the thermal energy contained in this vapour for preheating organic liquid (internal heat regeneration) which is shown in Figs. 1 and 2 .
The liquefied organic fluid, after the preliminary heating in the W2 exchanger flows further to the W1 exchanger, which is the element joining the gas turbine unit with the ORC power plant. The organic fluid is then further heated, evaporated and superheated in the heat exchanger. In this exchanger, the exhaust gas leaving the gas turbine serves as the heating medium. The exhaust gases can be treated as a carrier of waste energy left after the process of electricity generation in the gas turbine unit.
The characteristic of ORC working fluids
Implementation of the proposed heat regeneration in ORC systems is only possible when using in ORC cycle a working fluid from the group of so called "dry fluids" [4] . In practice, this means that the expansion process of this fluid in the turbine (isentropic process) ends in the superheated vapour region. This was illustrated in the charts presented in Figs The authors of this paper analyzed the following four organic fluids possible for implementation in the ORC power plant cycle (the critical parameters of the fluids are given in brackets):
• Benzene (T cr = 562.05 K, p cr = 4.89 MPa),
• Cyclohexane (T cr = 553.64 K, p cr = 4.07 MPa),
• Decane (T cr = 617.65 K, p cr = 2.10 MPa),
• Toluene (T cr = 591.75 K, p cr = 4.13 MPa). Figure 4 shows the actual saturation curves for the organic fluids being analyzed in T-s diagram. Because of the shape of these curves with the assumed working fluid condensing temperature of 308 K the expansion process for the fluid in the turbine for each of the analyzed cases ends in the superheated vapour region.
Calculation methodology
The parameters which characterize the gas turbine unit presented in this paper were taken from the manufacturer's database catalogue [3] . In calculations assumed was a constant temperature difference between the exhaust gases and the organic fluid in the heat exchanger at ∆T = 30 K. It was also assumed that the condensation of the fluid in the ORC cycle takes place at the temperature of 308 K. Thermal and caloric parameters for the particular organic fluid in characteristic points of the cycle were based on the Refprop 7.0 database [5] . The more important equations used in the calculations are given bellow.
Incoming heat flux from the exhaust gas in the heat exchanger W1 is given by:Q
The average specific heat of the exhaust gas at temperatures from T s1 to T s2 was determined on the basis of tables [6] . The heat flux brought to the organic fluid in the heat exchanger may be calculated as:
Using the energy balance equations (1) and (2) and assuming that the heat losses are negligibly small the mass flow of the organic fluid in ORC cycle was specified in the following form:
The power of the Clausius-Rankine (C-R) cycle in ORC plant was calculated in accordance with the following relation (including the power needed for the pump):
where: l 1−2s -turbine work per unit mass, l 4−5 -pump work per unit mass.
The electrical power leaving the ORC plant generator is defined by the following relation:
The electrical power according to (5) was calculated by assuming the following values of individual performances: turbine internal efficiency η i = 0.80; mechanical efficiency η m = 0.98; generator's electrical efficiency η g = 0.97 [7] . The system total electrical power (gas turbine unit + ORC power plant) was defined as the sum of electrical power generated in the same gas turbine unit and the power obtained through ORC plant cycle:
The indicator ∆N of the coupled cycle power to the power of the gas turbine unit itself is defined as:
The efficiency of electricity generation in the coupled system (gas turbine unit + ORC power plant) was defined according to the following relation:
Using the data sheets [3] it was determined that the supplied energy flux in the gas turbine unit is 17.21 MW. The feature of the C-R circuit leads to the following relations between the organic fluid pressure values at specific points:
Applying the regenerative W2 heat exchanger to the ORC power plant system makes it necessary to define the thermal and caloric parameters of the fluid as it enters and leaves this exchanger in order to determine the regenerated heat flux. Two methods of determining this heat flux, depending on the calculation variant, are given below. Fig. 1 shows that the entire flow of the liquefied organic fluid is pre-heated in the W2 heat exchanger. Having this fact in mind the energy balance equation of the W2 heat exchanger, while neglecting the heat loss, takes the following form:
First variant The diagram presented in
From Eq. (10) the enthalpy h c5 * can be determined of the organic fluid heated in the W2 exchanger (at the exchanger outlet). The method of determining the organic fluid enthalpy values in various points is given below. Parameters of point 3* were determined assuming that the vapour temperature when leaving the W2 exchanger is 5 K higher than the temperature of the liquefied organic fluid (∆T 1 = 5 K). Temperature distribution in W2 exchanger have been calculated by using the method shown in [8] . For such defined temperature, with the pressure at node 3* equal to the condensation pressure the organic compound database enthalpy in point 3* was established from Refprop. The temperature T c5 * up to which the fluid in the W2 exchanger was heated has been defined on the basis of Refprop organic compound database (for the defined enthalpy of h c5 * and pressure p c1 = p c5 = p c5 * ).
Second variant In the second calculation variant have been assumed that the heat transfer in the W2 exchanger between the vapour and the liquid of the organic fluid takes place at a constant temperature difference of ∆T 1 = ∆T 2 = 5 K. Temperature difference in the exchanger is shown in Fig. 6 . Under this assumption, only a part of the earlier condensed compound can be heated in the W2 exchanger, the residual flux must be transferred outside the exchanger by an appropriate bypass. This is schematically illustrated in Fig. 7 . In this case the thermal and caloric parameters of the organic fluid at the inlet and outlet from the W2 exchanger are known (they can be determined on the basis of the adopted temperature distribution in the exchanger, and on the basis of the Refprop organic compound database for proper evaporation and condensation pressure values of the organic compound). For the W2 exchanger presented above the energy balance, with neglecting the heat loss, is as follows:
An organic fluid flux was defined from the energy balance equation for W2 exchanger (Fig. 5) . This flux can be transferred directly to W2 exchanger and can be determined from the following relation:
Due to the fact that only part of the organic fluid flux is heated in the W2 exchanger there is a need of estimating the temperature and enthalpy of 
By using one of the calculation variants given above it is possible to determine the amount of heat supplied to the liquid of the organic fluid in W2 exchanger. After using the first variant we obtain the following relation:
In the second calculation variant the relation takes the form:
In order to evaluate the influence of using heat regeneration on ORC power plant work efficiency, the authors of this paper compared the C-R circuit work efficiency with the efficiency in a cycle without heat regeneration. Dependencies which allow determining these efficiencies are presented bellow. In a plant without heat regeneration the cycle efficiency was determined from the relation:
while in a plant with heat regeneration the cycle efficiency was defined by the expression:
Results of calculation
In Section 2 the system with two possible ways of heat regeneration in ORC cycle has been described. It was schematically shown in Figs. 1 and 2 . In Tab. 1 example calculations for toluene, with the assumption of initial vapour temperature T c1 = 673 K are presented. Table 2 summarizes the values of temperatures and enthalpy of the proper organic compound in various points of the cycle. These values were determined with the use of Refpop compound database, assuming that the evaporation temperature of the organic fluid is at 523 K, the condensation temperature is at 308 K and based on the presented methodology of calculation. Table 3 gives the basic values (power and electric efficiency) which characterize the coupled system of gas turbine unit and an ORC plant, as well as the power increase obtained in the effect of applying such coupling.
The main objective of this study was to determine the influence of applying heat regeneration in ORC system on the C-R cycle thermal efficiency. The impact of this regeneration, as well as the impact of organic fluid superheating temperature T c1 , on C-R cycle thermal efficiency, for all analyzed fluids, is presented in the Fig. 8 .
Summary
The calculations showed that the thermal coupling of ORC system with a gas turbine unit makes it possible to improve the work efficiency of the considered system. For each of the analyzed compounds the electrical efficiency and the power of the coupled system is higher than the power and efficiency of the gas turbine unit by itself. After analyzing the results summarized in Tab. 2 it can be concluded that for the parameters adopted the most beneficial results are achieved when ORC plant uses toluene as the working fluid. For this fluid even a 38% increase in power can be achieved. regeneration, the increase of the vapour superheating temperature leads to an increase in temperature of the vapour leaving the turbine, therefore increasing the regenerated heat flux which in turn reduces the applied heat flux and directly increases the efficiency of the cycle.
